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The respiratory burst of polymorphonuclear leukocytes, induced by the addition of chemotactic peptide 
(N-formyl-methionyl-leucyl-phenylalanine) and cytochalasin B was found to consist of two phases. The 
first phase of very rapid oxygen uptake lasted l-3 min. and was followed by a second more prolonged 
phase of lower magnitude. The apparent Km for oxygen of unstimulated cells was 9.6 f 0.67 PM, while 
that of the second phase of stimulation was 3.7 +_ 1.6 pM oxygen. The possibility that lowered oxygen 
concentrations may regulate polymorphonuclear leukocyte activity in some pathological conditions is 
discussed. 
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1. INTRODUCTION 
The respiratory burst of polymorphonuclear 
leukocytes (polymorphs) involves an increased rate 
of oxygen uptake and an increase in glucose oxida- 
tion via the hexose monophosphate shunt [ 11. This 
dramatic change in metabolic activity is accom- 
panied by the production of oxygen radicals and 
may be induced by a number of stimuli. These in- 
clude: opsonized bacteria or latex beads [2]; op- 
sonized zymosan [3]; chemotactic factors [4]; an- 
tibody plus complement [5,6]. Luminol-dependent 
chemiluminescence provides a highly sensitive and 
continuous method for the monitoring of the rate 
of production of oxygen radicals by cells [7]. These 
radicals are produced by the reaction of oxygen 
with an NAD(P)H oxidase system [8,9], but the 
precise relationship and mechanisms involved are 
not fully understood [lo]. Indeed, the terminal 
components of this NAD(P)H oxidase system have 
yet to be unequivocally identified, although a uni- 
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que b-type cytochrome is thought to be involved 
[ 1 l] which is capable of reducing molecular oxygen 
to 02 [12]. 
Despite the appreciation that gradients of ox- 
ygen exist in tissues [ 131, there have been surpris- 
ingly few detailed studies on the activities of 
oxygen-requiring enzymes other than cytochrome 
a + 03. In particular, the relationships between the 
production of the various species of oxygen 
radicals, the respiratory burst and oxygen tension 
during phagocytosis and chemotaxis in 
polymorphs are unknown. The aim of the work 
presented here was to investigate the relationship 
between oxygen concentration and polymorph 
respiration in the presence and absence of stimuli. 
These results show a decreased apparent K,,, for ox- 
ygen after stimulation. Furthermore under steady- 
state conditions the respiratory burst appeared to 
have two components, one of which was short- 
lived (l-3 min) whilst the other was continued for 
at least 30 min. 
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2. MATERIALS AND METHODS 
Rat polymorphonuclear leukocytes were pre- 
pared from intraperitoneal fluid exactly as in [6] 
following intraperitoneal injection of sodium 
caseinate. After purification they were suspended 
in a buffer containing 120 mM NaCl, 4.8 mM 
KCl, 1.2 mM KH2P04, 1.3 mM CaC12, 1.2 mM 
MgS04, 0.1% BSA and 25 mM HEPES (pH 7.4) 
and used within 6 h of preparation. 
Oxygen uptake was measured polarographically 
at 37°C on suspensions of cells either in a closed 
system fitted with a Clark type oxygen electrode or 
in an ‘open’ system [14] based on that described in 
[15]. In the latter system the working volume was 
8.0 ml and the oxygen tension in the gas phase was 
controlled by a digital gas mixer allowing mixtures 
of air and argon in 5% steps: oxygen tension in the 
liquid phase was monitored with a membrane- 
covered electrode (type D602; Radiometer, 
Copenhagen). With a constant partial pressure of 
oxygen in the gas phase and the attainment of a 
steady-state level in the liquid phase, the respira- 
tion rate ( Vr) was calculated from the equation Vr 
= K(TG-TL) where K is the oxygen transfer cons- 
tant (min-‘), TG is the oxygen tension in the gas 
phase and TL is the oxygen tension in the liquid 
phase [ 161. 
3. RESULTS 
3 .l . Effects of chemotactic peptide (N-formyl- 
methionyl-leucyl-phenylalanine) and cyto- 
chalasin B on respiration of rat poly- 
morphonuclear leukocytes 
The resting respiration rate of rat polymor- 
phonuclear leukocytes, measured in the closed ox- 
ygen electrode, was found to be about 3.5 nmol 
oxygen/min/lO’ cells (fig. la). Upon the addition 
of 1 PM (final cont.) chemotactic peptide and 
1.5 pug cytochalasin B (added together), the respir- 
atory rate initially increased to 19.6 nmol/min/lO’ 
cells. This elevated respiration rate lasted l-3 min 
and then returned to just above the resting level. 
Addition of chemotactic peptide alone (1 PM) 
again produced a rapid, although small, increase 
(fig.lb) in respiration rate which was about 50% 
above the resting rate; addition of 1.5 gg cytochal- 
asin B added later did not significantly increase 
this. Addition of cytochalasin B alone did not in- 
crease the respiration rate (fig. lc) but a further ad- 
dition of chemotactic peptide resulted in an initial 
4.9-fold increase (maintained for about 2 min) 
followed by a lower, more sustained increase. 
The effects of chemotactic peptide and cytochal- 
asin B on respiration of rat polymorphonuclear 
leukocytes measured in the ‘open’ electrode are 
shown in fig.2. With 40% air:60% argon as the 
mixture in the gas phase, a steady-state level of 
respiration (3.7 nmol oxygen/min/ 10’ cells) was 
indicated by a constant level of oxygen in the liquid 
phase. When 1 /cM chemotactic peptide (final 
cont.) and 5 pg cytochalasin B were added, the 
level of oxygen in the liquid phase decreased; since 
the oxygen concentration in the gas phase remain- 
ed constant this represented an increased respira- 
tion rate. This elevated respiration rate was not 
Fig. 1. Effects of chemotactic peptide (N-formyl- 
methionyl-leucyl-phenylalanine) and cytochalasin B on 
the respiration of rat polymorphonuclear leukocytes. A 
suspension of freshly prepared rat polymorphonuclear 
leukocytes was diluted to 5 x lo6 cells/ml in buffer (pH 
7.4) and placed in the oxygen electrode: the total volume 
was 1.5 ml. After allowing for the endogenous 
respiration to be measured, additions were made as 
indicated; cp = the addition of 1 pM (final cont.) 
chemotactic peptide (ZV-formyl-methionyl-leucyl- 
phenylalanine); cb = the addition of 1.5 /rg of 
cytochalasin B. Numbers refer to respiration rates 
measured from the traces as indicated as nmol 
Or/min/lO’ cells. Traces a,b and c were obtained from 
3 separate suspensions of cells. 
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maintained, however, but by about 14 min had 
stabilised at 5.1 nmol/min/107 cells. A further ad- 
dition of chemotactic peptide and cytochalasin B 
did not result in further stimulation. This 
stimulated respiration rate (about 40% above 
resting rate) was maintained for >30 min (not 
shown). 
3.2. Apparent K, for oxygen of respiration of 
stimulated and unstimulated rat poly- 
morphonuclear leukocytes 
A suspension of rat polymorphonuclear 
leukocytes (1.8 x107/ml; total vol. 8.0 ml) was 
placed in the ‘open’ oxygen electrode. Initially the 
gas phase consisted of 100% air and a steady-state 
level of oxygen in the liquid phase was attained 
(fig.3a). The oxygen concentration in the gas phase 
was then varied using a digital gas mixer to allow 
calculation of respiration rates at various 
air-argon mixtures, under steady-state conditions. 
Similar measurements were made on cells 
stimulated by the addition of 1 PM chemotactic 
peptide (final cont.) and 5 pg cytochalasin B (total 
vol. 8.0 ml) as shown in fig.3b. From the calcula- 
tions of respiration rates at various oxygen concen- 
trations, Michaelis Menten kinetics were fitted 
from a computer program. The apparent &,-value 
for oxygen of unstimulated cells was 9.6 + 
0.67 PM and for stimulated cells was 3.7 f 1.6 FM 
(number of determinations = 3): V,,,,X for respira- 
tion was increased by 51.7 f 10% after 
stimulation. 
4. DISCUSSION 
Chemotactic factors have been shown to induce 
a number of responses in polymorphs, including a 
respiratory burst [4]. We have resolved this 
respiratory burst in two phases which are a tran- 
sient initial phase followed by a more prolonged 
second phase of lower magnitude. We report for 
the first time that the apparent Km for oxygen of 
this second phase is 3-times lower than that 
measured in resting cells: the initial phase was too 
transient to allow accurate measurement of ap- 
parent Km. The addition of cytochalasin B (an in- 
hibitor of microtubule formation, [ 17]), together 
with or before the addition of chemotactic peptide, 
increased both the magnitude and duration of this 
initial phase. The mechanism of this enhancement 
by cytochalasin B is not known, although its com- 
bined effect with chemotactic peptide also in- 
creases granule enzyme secretion [4] and potentia- 
tes luminol-dependent chemiluminescence [ 18,191. 
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Fig.2. Effects of cytochalasin B and chemotactic peptide (N-formyl-methionyl-leucyl-phenylalanine) o  th  respiration 
of rat polymorphonuclear leukocytes measured inan ‘open’ oxygen electrode. A suspension of rat polymorphonuclear 
leukocytes in buffer (5 x 10’ cells/ml) was placed in the chamber of the ‘open’ oxygen electrode: the total volume was 
8.0 ml. With 40% air as the gas phase (controlled by a digital gas mixer) a steady-state l vel of respiration was attained 
and then, as indicated (l), 5 gg cytochalasin B and 1 pM (final cont.) chemotactic peptide were added. The trace shows 
measured oxygen concentration in the liquid phase, which decreases as respiration rate increases. 
62 
Volume 161, number 1 FEBS LETTERS September 1983 
This latter response results from the production of 
oxygen radicals and it is thus tempting to suggest 
that this enhancement of oxygen uptake is related 
to increased oxygen radical production. 
The second phase is more clearly seen with the 
‘open’ oxygen electrode (fig.2) where steady-state 
levels of respiration are measured at fixed oxygen 
tensions. This apparatus is thus particularly well 
suited to the measurement of app. Km-values. App. 
&-values for oxygen of whole cell respiration of 
a number of different cell types have been 
measured by a number of methods. Typically in 
cells where mitochondrial cytochrome (a + a3) is 
the sole terminal oxidase, apparent &-values are 
1 pM oxygen or less (201. For values below this, 
polarographic measurements become unreliable 
and more sensitive methods using bacterial 
luminescence are required [21-231. Mitochondri~ 
respiration did not contribute significantly to ox- 
ygen uptake in resting or stimulated rat poly- 
morphs, since the addition of 1 mM sodium azide 
inhibited both stimulated and resting respiration 
by less than 10070. While the apparent Km for 
cellular respiration of isolated hepatocytes is about 
2 yM 02, other oxygen-requiring reactions in these 
cells such as cytochrome P-450 functions show an 
even lower affinity [24]. Although the oxygen con- 
centration in normal blood varies over the range 
120-50pM (251, it has been proposed that con- 
siderable oxygen gradients exist in tissues and at 
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Fig.3. Measurements of oxygen uptake rates of rat polymorphonuclear leukocytes as a function of oxygen concentration 
in the ‘open’ oxygen electrode. A suspension of rat polymorphonucle~ leukocytes (1.8 x 10’ ceIIs/ml) in buffer (pH 
7.4) was placed in the ‘open’ oxygen. A steady-state level of respiration was achieved with the gas phase consisting of 
100% air. The oxygen concentration in the gas phase was then controlled using a digital gas mixer to give mixtures of 
air and argon as indicated: figures at 1 represent he 9’0 of air in the mixture; 0 represents 100% argon in the gas 
phase. (a) Unstimulated cells. When the gas phase contained 10% air, oxygen levels were recorded at a IO-fold higher 
sensitivity. (b) Cells stimulated by the addition of 1 PM (final cont.) chemotactic peptide (N-formyl-methionyl-leucyl- 
phenylalanine) and 5 pg cytochalasin B 5 min before measurements were made. When the gas phase contained 30% air, 
oxygen levels were recorded at a IO-fold higher sensitivity. 
63 
Volume 161, number 1 FEBSLETTERS September 1983 
sites of inflammation oxygen concentration can be 
less than 12 /IM [26]. Our results emphasize the 
need for careful characterization of the app. Km- 
values of oxygen requiring enzymes, particularly 
those which are relatively high. The possibility now 
exists that these enzymes may be regulated under 
physiological and pathological conditions by ox- 
ygen availability. Polymorph infiltration into 
tissues occurs during acute inflammation and in 
several pathological conditions; e.g., rheumatoid 
arthritis and after myocardial infarction. We are 
now examining the relationship between oxygen 
concentration and radical production and its 
significance in the pathogenesis of these 
conditions. 
ACKNOWLEDGEMENTS 
We thank the Science and Engineering Research 
Council and the Arthritis and Rheumatism Coun- 
cil for financial support. 
REFERENCES 
[II 
PI 
I31 
[41 
[51 
Fl 
Klebanoff, S.J. and Clark, R.A. (1978) The 
Neutrophil: Function and Clinical Disorders, 
pp.283-408, Elsevier, Amsterdam, New York. 
Segal, A.W. and Coade, S.B. (1978) Biochim. Bio- 
phys. Acta 84, 611-617. 
Badwey, J.A., Curnette, J.T., Robinson, J.M., 
Lazdins, J.K., Briggs, R.T., Karnowsky, M. J. and 
Karnowsky, M.L. (1980) J. Cell Physiol. 105, 
541-545. 
Becker, E.L., Showell, H.J., Naccache, P.H., 
Freer, R.J., Walenga, R.W. and Sha’afi, R.I. 
(1982) in: Phagocytosis - Past and Future 
(Karnovsky, M.L. and Bolis, L. eds) pp.87-103, 
Academic Press, London, New York. 
Hallett, M.B., Newby, A.C., Luzio, J.P. and 
Campbell, A.K. (1980) Biochem. Sot. Trans. 8, 
723-725. 
Hallett, M.B., Luzio, J.P. and Campbell, A.K. 
(1981) Immunol. 44, 569-576. 
171 
PI 
PI 
WI 
1111 
WI 
v31 
1141 
1151 
[I61 
I171 
WI 
WI 
WI 
WI 
WI 
1231 
1241 
v51 
WI 
Campbell, A.K., Holt, M.E. and Patel, A. (1983) 
Rec. Adv. Clin. Biochem. 3, in press. 
Babior, B.M. (1982) in: Phagocytosis - Past and 
Future (Karnovsky, M.L. and Bolis, L. eds) 
pp.157-166, Academic Press, London, New York. 
Halliwell, B. (1982) Cell Biol. Int. Rep. 6, 529-542. 
Campbell, A.K. and Hallett, M.B. (1983) J. 
Physiol. 338, 537-550. 
Segal, A.W. and Jones, O.T.G. (1978) Nature 276, 
515-517. 
Cross, A.R., Jones, O.T.G., Harper, A.M. and 
Segal, A.W. (1981) Biochem. J. 194, 599-606. 
Silver, I.A. (1966) in: Oxygen Measurements in 
Blood Tissues and their Significance (Payne, J.P. 
and Hall, D.W. eds) pp.135-153, J. and A. 
Churchill, London. 
Lloyd, D., Protheroe, R., Williams, T.N. and 
Williams, J.L. (1983) FEMS Microbial. Lett. 17, 
143-146. 
Degn, H. and Wohlrab, H. (1971) Biochim. Bio- 
phys. Acta 245, 347-355. 
Degn, H., Lillear, M. and Iversen, J.J.L. (1973) 
Biochem. J. 136, 1097-1104. 
Hoffstein, S.T., Korchak, H.M., Smolen, J.E. and 
Weissman, G. (1982) in: Phagocytosis - Past and 
Future (Karnovsky, M.L. and Bolis, L. eds) 
pp.47-65, Academic Press, London, New York. 
Dahlgren, C. and Stendahl, 0. (1983) Infect. 
Immun. 39, 736-741. 
Hallett, M.B. and Campbell, A.K. (1983) 
submitted. 
Poole, R.K., Lloyd, D. and Chance, B. (1979) 
Biochem. J. 184, 555-563. 
Schindler, F. (1964) PhD Thesis, University of 
Pennsylvania, Philadelphia PA. 
Oshino, R., Oshino, N., Tamura, M., Kobilinsky, 
L. and Chance, B. (1972) Biochim. Biophys. Acta 
273, 5-17. 
Lloyd, D., James, K., Williams, J. and Williams, 
T.N. (1981) Anal. Biochem. 116, 17-21. 
Jones, D.P. and Mason, H.S. (1978) J. Biol. 
Chem. 253, 4874-4880. 
Documenta Geigy, Scientific tables, p.331, 5th 
edition, J.R. Geigy S.A., Basle. 
Silver, I.A. (1977) J. Clin. Pathol. Suppl. (Roy. 
Coll. Pathol.) 11, 7-13. 
64 
